The complicated structure of the renal vascular system is crucial for the proper functioning of the kidney. Cortical peritubular capillaries arise from the efferent arterioles of the superficial glomeruli. The vasa recta arise from those of the juxtamedullary glomeruli, while the descending and ascending vasa recta are connected by the peritubular capillaries within the medulla. These peritubular capillaries deliver oxygen and nutrients to the tubules. Despite such an abundance of vessels and the fact that the organ takes as much as 20% of the cardiac output in humans, the kidney is known to be physiologically hypoxic. The partial pressure of oxygen in various animals has been reported to be 20-60 and 10-30 mm Hg in the cortex and medulla, respectively, although some recent studies have reported lower values [2] . Such a hypoxic state of the kidney is primarily because of the presence of oxygen shunt diffusion between arterial and venous vessels running in close parallel contact [1] . Moreover, in kidney disease, a decreased blood (oxygen) supply and increased oxygen demand easily occurs, which together with a physiologically hypoxic state predisposes the kidney to hypoxic damage.
Angiogenesis
Quiescent endothelial cells have long half-lives and are protected by autocrine signals such as vascular endothelial growth factor (VEGF), angiopoietin (Ang)-1, and Notch [3] . These endothelial cells are surrounded by pericytes, which secrete paracrine signals such as VEGF and Ang-1 to maintain endothelial cell homeostasis. When quiescent endothelial cells are exposed to angiogenic stimuli, such as VEGF and Ang-2, pericytes detach from the vessel walls via the antagonistic role of Ang-2 against Ang-1, permitting endothelial cell sprouting. Under VEGF exposure, which upregulates the Notch ligand Delta-like protein 4 (DLL4) in all endothelial cells, endothelial cells that express DLL4 most quickly or at highest levels can become tip cells, those that lead the tip of sprouting vessels. The upregulated DLL4 in tip cells activates Notch signaling in neighboring cells (stalk cells), promotes the elongation of these stalk cells, and downregulates their VEGF receptor 2 (VEGFR2) expression, making the stalk cells less responsive to VEGF and enabling only the tip cells to take the lead. DLL4 expression should be dynamically regulated because the shuffling of tipstalk position of endothelial cells occurs [4] . Sprouting endothelial cells release Ang-2 to enhance pericyte detachment and further sprouting. Finally, proliferating stalk cells become covered by pericytes via several signals, such as Ang-1 and platelet-derived growth factor B, which lead to the formation of mature and stable vessels.
The Importance of VEGF in Maintaining Peritubular Capillaries
Among several angiogenic factors, VEGF is thought to play a critical role in the maintenance of peritubular capillaries. In normal kidneys, VEGF is mainly expressed in podocytes and the thick ascending limb (TAL), and to a lesser extent in the proximal and distal tubules, whereas VEGF receptors (VEGFR1 and VEGFR2) are localized to endothelial cells in the peritubular capillaries and glomerular capillary loops [5] . Kamba et al. [6] reported reductions in peritubular and glomerular capillaries (30 and 10%, respectively) in mouse kidneys after treatment with a small-molecule VEGFR tyrosine kinase inhibitor. Mice in which VEGF was ablated in the renal tubules during development had smaller but apparently normal kidneys [5] . However, the peritubular capillary surface area was reduced by 60% in these mice and the vessel permeability in the kidneys was decreased. Moreover, remarkable polycythemia with elevated serum and renal erythropoietin (Epo) levels was also observed in these mice. This may suggest that capillary rarefaction resulted in renal hypoxia, which was detected by renal Epo-producing cells.
In contrast, excessive VEGF expression in the tubular cells also appears to be detrimental because the kidneys of transgenic mice with increased tubular VEGF expression demonstrated significant fibrosis and cyst formation [7] . These studies clearly show that, similar to the rela-tionship between podocytes and endothelial cells within the glomerulus, an appropriate range of VEGF production by tubules is essential for maintaining peritubular capillary health.
Under hypoxic conditions, VEGF expression is increased via hypoxia-inducible factor (HIF)-mediated transcriptional upregulation as will be discussed below. In addition, the hypoxic milieu upregulates VEGF in other ways, such as by increased posttranscriptional stabilization [8] .
HIF in the Kidney
HIF is a master regulator of cellular adaptation to hypoxia that upregulates the transcription of >100 genes such as Epo, VEGF, glucose transporters, and glycolytic enzymes. This transcriptional factor is a heterodimer that consists of HIF-α and HIF-β. HIF-β is constitutively expressed regardless of oxygen tension, whereas HIF-α expression is tightly regulated by oxygen tension. HIF-α has two conserved proline residues that are hydroxylated by prolyl hydroxylase domain-containing proteins (PHDs) under normoxic conditions. Hydroxylated HIF-α is recognized by the von Hippel-Lindau tumor suppressor protein (pVHL), resulting in polyubiquitination and proteasomal degradation. However, under hypoxic conditions, HIF-α escapes hydroxylation by PHDs and degradation thereafter, which enables HIF-α to enter the nucleus, where it binds with HIF-β to form a heterodimer. HIF heterodimers then bind to hypoxia response elements, existing in the regulatory regions of target genes, and activate transcription [1, 9] . HIF-α also has one asparagine residue which is hydroxylated by an asparaginyl hydroxylase (factor-inhibiting HIF-1, FIH-1). Oxygen-dependent hydroxylation of HIF-1α by FIH-1 blocks the binding of the coactivators p300 and CREB-binding protein, leading to repression of transactivation [10] . In addition to these post-translational modifications of HIF-α by oxygen levels, HIF-1α mRNA levels have been reported to increase in response to hypoxia, which contributes to augmenting the HIF-1 response [11] .
HIF-α has two major active isoforms, HIF-1α and HIF-2α, which play nonredundant roles in the adaptation to hypoxia. In the hypoxic kidney, HIF-1α is predominantly expressed in tubular epithelial cells, whereas HIF-2α is expressed in endothelial cells and interstitial fibroblasts. Recent evidence shows that Epo is produced by fibroblast-like Epo-producing cells in the kidney, and HIF-2α is a major regulator of its expression [12] .
The Role of HIF in Each Cell Type of the Kidney
Recent cell type-specific gene manipulation studies have provided a deeper understanding of the role of HIF in each cell type ( table 1 ). The specific deletion of HIF-1α in proximal tubular cells (PTCs) attenuated kidney fibrosis and macrophage infiltration in a mouse unilateral ureteral obstruction (UUO) model, suggesting that HIF-1α in PTCs can promote kidney fibrosis [13] . Theilig et al.
[14] generated mice with tubular cell-specific ablation of VHL, which resulted in significant HIF-1α and HIF-2α accumulation in these cells. After nephrotoxic nephritis (NTN) induction, mutant mice showed lower blood urea nitrogen and urinary protein excretion with attenuated glomerular and tubulointerstitial damage but similar tubulointerstitial fibrosis. In contrast, only ablation of VHL (without NTN induction) resulted in increased tubulointerstitial fibrosis. These studies caution that inap- propriate HIF activation can lead to a detrimental result, although another study demonstrated that tubular cellspecific ablation of VHL was beneficial in rhabdomyolysis-induced AKI [15] . TAL-specific ablation of VHL, which resulted in significant HIF-1α accumulation in TAL, ameliorated kidney injury in a bilateral renal ischemia-reperfusion (IR) model without affecting baseline renal function or morphology [16] . Myeloid cell-specific VHL and HIF-1α/2α deletion demonstrated decreased and increased macrophage infiltration in a UUO model, respectively, without affecting fibrosis [17] . Recently, Kapitsinou et al. [18] generated mice with endothelial cell-specific ablation of HIF-1α or HIF-2α. Three days after unilateral IR, tubular injury worsened in HIF-2α − / − mice, whereas HIF-1α ablation did not affect the extent of the injury. They also showed that inactivation of endothelial PHD2 ameliorated renal IR injury. Although a pharmacological approach to HIF stabilization using a PHD inhibitor successfully attenuated renal IR injury in wild-type mice, this beneficial effect was diminished in HIF-2α − / − mice. These results suggest that endothelial HIF-2α plays an important role in protecting the kidney against ischemic injury, in keeping with a previous study using HIF-2α hypomorph mice with endothelial reconstitution [19] .
Hypoxia and HIF Accumulation in Kidney Disease

AKI
Renal hypoxia, as demonstrated by positive staining for pimonidazole, a marker of deep hypoxia (oxygen tension <10 mm Hg), has been observed in many AKI models in which AKI was induced by radiocontrast agents, cisplatin, and rhabdomyolysis as well as cross clamp with or without reperfusion. HIF, which accumulates in the instant phase of hypoxia, is also expressed during the recovery phase of AKI [20] , which may indicate that tissue repair after injury requires much oxygen and results in prolonged or recurrent hypoxia. Evidence of hypoxia in human AKI is scarce, but an increased renal oxygen extraction ratio was confirmed in patients with AKI undergoing cardiac surgery [21] .
AKI-to-CKD Transition
Recent epidemiological data and supporting animal studies have shown that AKI can eventually result in CKD. Renal hypoxia, which is mainly the result of capillary rarefaction, is gathering attention as a key player in the pathophysiology of the AKI-to-CKD transition [2] . In several studies on rodent IR injury with or without renal mass reduction, renal hypoxia was accompanied by capillary rarefaction in the recovery phase, which was followed by tubulointerstitial fibrosis [22] . Although the precise mechanisms of capillary loss after AKI remain elusive, loss of angiogenic factors, particularly VEGF, has been reported to have an important role [2] . VEGF expression was decreased during the early phase of renal IR injury [23] , and VEGF-121 administration ameliorated capillary rarefaction and the subsequent tubulointerstitial fibrosis [22] .
In the AKI-to-CKD transition, dedifferentiated tubular cells with failed redifferentiation after AKI are thought to continuously produce profibrotic peptides, which promote subsequent fibrosis. Polichnowski et al. [24] performed renal IR in rats with renal mass reduction. There were strong correlations among vimentin (a marker of dedifferentiation) positivity, decreased tubular VEGF expression, loss of capillary density, and tubulointerstitial fibrosis 4 weeks after injury. This result possibly suggests that hypoxia, having been mainly caused by a loss of peritubular capillaries, prevents the redifferentiation of regenerating tubules; this in turn decreases VEGF expression in these tubules and maintains the hypoxic state through impaired angiogenesis, forming a vicious cycle between dedifferentiated tubules with decreased VEGF expression and hypoxia due to capillary rarefaction ( fig. 1 ). In addition to the direct effect of angiogenic factors on capillary endothelium, recent studies by Duffield and colleagues have emphasized pericyte detachment from capillaries as a key step of capillary rarefaction [25] . Although the precise mechanisms of the pericyte detachment in kidney disease are currently under investigation, dysregulated activation of endothelial VEGFR2 may play an important role. Blockade of endothelial VEGFR2 signaling with circulating soluble receptor ectodomains leads to the amelioration of pericyte detachment from capillaries, capillary loss, and tubulointerstitial fibrosis in mouse UUO and IR injury models [26] . Thus, the role of VEGF signaling in maintaining renal microvasculature is complicated and needs further investigation, including studies on possibly different roles of VEGF isoforms and distinct VEGF receptors [26] .
CKD
Hypoxia has been proven in many animal models of CKD [10] , and chronic hypoxia in the tubulointerstitium is generally accepted as a final common pathway in the development of ESKD [1] . However, detection of hypoxia in human CKD has long been challenging because of the limitations of available noninvasive methodology in humans. Blood oxygen level-dependent magnetic resonance imaging, which can visualize the tissue oxygen status in vivo by determining deoxyhemoglobin levels, has recently become available to detect hypoxia in human CKD. In one study, a correlation was established between estimated glomerular filtration rate and renal oxygenation levels [27] . HIF accumulation is also a frequent observation in various animal models of CKD as well as in human nephropathies, although the expression of HIF may be inappropriately suppressed in some animal models [10, 12] .
Capillary rarefaction, as discussed in the AKI-to-CKD Transition section, is also a common feature closely linked to hypoxia in CKD [12] . Significant correlations have been reported between capillary densities in kidney biopsy samples and renal function. Injured/atrophic tubules with decreased production of vascular factors such as VEGF mediate insufficient angiogenic response and hypoxia, and further aggravate injury; thus, forming a vicious cycle in the progression of CKD to ESKD ( fig. 1 ) . Hypoxia is deleterious to tubular cells (e.g., apoptosis), is intricately linked to inflammation (e.g., enhanced leukocyte infiltration), and can activate fibroblasts, all of which contribute to fibrogenesis. Fibrosis, in turn, aggravates hypoxia via reduced oxygen diffusion efficiency by increasing the distance from capillaries to tubular cells. Again, hypoxia and tubulointerstitial fibrosis form a vicious cycle that progresses to ESKD [9] .
Why Does Capillary Rarefaction Persist and Progress despite HIF Activation in CKD?
As discussed above, hypoxia is observed in both AKI and CKD. While HIF, as envisaged by capillary rarefaction and concomitant hypoxia, triggers the induction of multiple angiogenic factors such as VEGF and likely stimulates angiogenic responses, this adaptive response almost always fails to ensue; capillary rarefaction and hypoxia continue to worsen in progressive CKD, ultimately leading to ESKD. Several mechanisms have been reported to explain this phenomenon ( fig. 2 ). First, the extent of HIF activation may be inadequate. In diabetic kidney disease, blunted HIF activation via several pathways, including oxidative stress, has been reported [28] . Indoxyl sulfate, a representative uremic toxin, also impairs the HIF-mediated cellular response, which suggests that suboptimal HIF activation can occur in advanced CKD [29] . Second, as discussed above, VEGF expression becomes rather downregulated, despite hypoxia in various kidney diseases. Damaged or atrophic tubular cells in CKD may not be able to express a sufficient amount of VEGF to restore peritubular capillaries. In addition, the inflammatory environment in CKD probably suppresses VEGF expression [30] . Third, antiangiogenic factors such as thrombospondin-1 and endostatin are upregulated in kidney disease [30] [31] [32] . Fourth, the incompetence of endothelial progenitor cells (EPCs), which has been shown in human CKD and various kidney disease models, may be responsible for the inadequacy of capillary restoration [33] . Finally, epigenetic changes may also have some roles [34] . Recent data suggest that epigenetic changes induced by hypoxia can promote proinflammatory and profibrotic gene expression, which are closely linked to capillary rarefaction in vivo [35] .
Angiogenesis-Based Treatment of Kidney Disease
Administration of Angiogenic Factors VEGF In the rat remnant kidney model, VEGF-121 administration preserved peritubular capillaries, restored renal function, and ameliorated tubulointerstitial fibrosis [36] . The intrarenal administration of VEGF also preserved microvascular density and decreased fibrosis in a pig unilateral renal artery stenosis (RAS) model [37] . The AKIto-CKD transition was also blocked by the treatment with VEGF-121, which ameliorated the capillary rarefaction after IR injury [22] .
In contrast to most CKD settings, the early manifestation of diabetic kidney is characterized by an excess of vascular factors such as VEGF, which provides us with a cautious view on the strategy of instant VEGF administration. The intrarenal administration of VEGF in pig RAS kidneys resulted in a tendency toward larger microvascular densities in both the peritubular and glomerular areas compared with normal controls, suggesting overgrowth of microvessels [37] . Moreover, angiogenesis attained by VEGF alone results in distorted, leaky vessels connected by loose junctions, which presents with insufficient perfusion. Extravasation from these abnormal vessels can increase interstitial pressure and induce tubulointerstitial inflammation, leading to decreased capillary flow and hypoxia [12] .
Ang-1 In humans, CKD was associated with decreased Ang-1 levels in the blood [38] . The same tendency was reported in a mouse UUO model [39] , although not all studies in distinct models support this view. Supplementation of Ang-1, which was achieved by treatment with an adenovirus carrying an engineered variant of native Ang-1 with higher activity, successfully preserved peritubular capillaries and ameliorated tubulointerstitial fibrosis in a mouse UUO model [39] . The same treatment was also examined in the AKI-to-CKD transition in a mouse IR injury model. The authors observed preserved peritubular capillaries, better renal function, and higher renal blood flow during the acute phase, as well as milder tubulointerstitial fibrosis 30 days after injury in the treatment group [40] . However, similar to VEGF, it should be noted that Ang-1 treatment could induce inflammation. Ang-1 delivery by adenoviral vectors was significantly associated with enhanced neutrophil/macrophage infiltration and tubulointerstitial fibrosis, despite capillary preservation in mice with folic acid-induced nephropathy [41] . This result may be related to the fact that Ang-1 could promote the recruitment of Tie-2-expressing neutrophils and macrophages [42, 43] .
HIF Stabilization
To attain normal and mature vessel formation, treatments such as VEGF in combination with Ang-1 have been tested, with promising results [44] . On the other hand, coordinated angiogenesis by HIF activation can also achieve the same goal. HIF accumulation by PHD inhibition has been shown to form mature vessels (covered by pericytes) in in vivo studies [45] . In tumors, endothelial deletion of HIF-1α results in loss of angiogenic potential [46] , while endothelial deletion of HIF-2α leads to immature and poorly functional vasculature, suggesting that HIF-2α inhibits vessel sprouting; however, it still promotes capillary maturation [47, 48] . These contrasting properties of HIF-1 and HIF-2 on vascular formation also highlight the potential advantage of PHD inhibition as a means of therapeutic angiogenesis.
It has been broadly accepted that HIF has a beneficial role in AKI. In a mouse bilateral IR injury model, preconditioning with a PHD inhibitor not only decreased the severity of AKI but also blocked the mechanisms of the AKI-to-CKD transition itself, probably by enhancing the repair process [49] . Some promising results with HIF activation have also been reported in CKD. The systemic activation of HIF by cobalt resulted in ameliorated capillary rarefaction and tubulointerstitial damage in a rat remnant kidney model [50] . However, there remain some concerns, particularly related to the profibrotic effect of HIF, over the HIF activation strategy generally used in CKD [13] . This controversy appears to originate, at least in part, from the differences in when and how much HIF is activated. Genetic manipulation usually results in stronger and permanent changes than pharmacological intervention. Recent studies have revealed that the timing of HIF activation is critical to its renoprotective effect [49, 51] . In addition, because HIF appears to play different roles in each kidney cell as discussed above, the effect of systemic HIF activation should be highly context-dependent. Therefore, it is essential to clarify the context in which HIF stabilization is safe and plays a beneficial role before utilizing this strategy.
Cell Therapy EPCs
The renal vasculature is formed by both angiogenesis (vessel sprouting from an existing vessel) and vasculogenesis (new vessel formation from EPCs) [52] . In adulthood, EPCs have been described to reside in the bone marrow, circulating blood, and blood vessels, whereas incompetence of resident EPCs has been reported in human CKD and several kidney injury models [33] . Therefore, it should be reasonable to consider enhancing vasculogenesis, which could be attained by the adoptive transfer of EPCs to restore the capillaries in injured kidneys. Although studies with EPCs show many varieties in markers to identify and isolate EPCs, the adoptive transfer of these cells has been associated with preserved microvascular densities and the amelioration of kidney damage in various animal models [31] .
What is the mechanism through which EPCs preserve capillaries and enhance new vessel formation? Recent studies have questioned the direct involvement of bone marrow-derived or circulating stem/progenitor cells in blood vessel regeneration, and have suggested that angiogenesis during blood vessel regeneration is derived from resident endothelial progenitors. For example, using transplantation of fluorescence-labeled hematopoietic stem cells (HSCs) and pairs of genetically marked parabiotic mice, Rinkevich et al. [53] demonstrated that HSCs or circulating cells did not contribute to angiogenesis in the regeneration of the distal mouse digit. EPCs have been demonstrated to contribute to the regenerative process, including angiogenesis by homing to the kidney after injury and paracrine secretion of growth factors (e.g., VEGF) [12] .
Mesenchymal Stem Cells Mesenchymal stem cells (MSCs) are adult stem cells of mesodermal origin with the differentiation capacity toward mesenchymal cell types including adipocytes, osteoblasts, and chondrocytes. MSCs have been demonstrated to reside in many tissues including the bone marrow and adipose tissue. Similar to EPCs, the administration of MSCs derived from these tissues has been reported to preserve microvascular density and ameliorate kidney injury in a variety of kidney disease models. However, MSCs appear to have different mechanisms of capillary preservation compared with EPCs. Zhu et al. [54] investigated the effects of EPCs derived from the peripheral blood and adipose-derived MSCs in a swine RAS model. The administration of EPCs or MSCs via the renal arteries improved the microvascular density in the cortex, GFR, and fibrosis. Although MSCs secreted more VEGF than EPCs in the culture medium in vitro, impaired VEGF expression in RAS kidneys was restored by treatment with EPCs but not MSCs, which may suggest that EPCs may stimulate surrounding tubular epithelial cells to express VEGF in addition to their own paracrine secretion. On the other hand, treatment with MSCs attenuated inflammation, apoptosis, and endoplasmic reticulum stress in the RAS kidney more significantly than treatment with EPCs.
Although the administration of MSCs should be a promising treatment strategy against kidney disease, there remain some important concerns about it. Kunter et al. [55] examined the effectiveness and safety of MSCs administration in a rat anti-Thy1.1 mesangioproliferative glomerulonephritis model. In this study, bone marrowderived MSCs were injected intra-arterially into the kidney 2 days after disease induction with uninephrectomy. Although fluorescently labeled MSCs were detected within many glomeruli on day 10, and treatment with MSCs successfully ameliorated kidney injury, glomeruli in MSC-treated animals showed an increased expression of α-smooth muscle actin and collagen types I, III, and IV compared with those in controls on day 60. Approximately 20% of the glomeruli of MSC-treated animals contained adipocytes surrounded by fibrosis on day 60, whereas none of the glomeruli of control animals throughout the course of treatment and MSC-treated animals on day 10 contained adipocytes. These adipocytes exhibited fluorescence, which clearly indicates that exogenously adopted MSCs underwent adipogenic differentiation within the glomerulus.
On the other hand, Humphreys and colleagues [56] have recently shown that a certain population of perivascular MSCs (Gli1 + cells) is a key player in organ fibrosis. These cells represented only a small fraction of the total pericyte population within the kidney. In a UUO and bilateral IR injury model, resident Gli1 + cells in the kidney, which were neither bone marrow-derived nor circulating Gli1 + cells, significantly proliferated and became myofibroblasts (occupying approximately half of all myofibroblasts), resulting in renal fibrosis. Moreover, genetic ablation of Gli1 + cells decreased renal fibrosis in a UUO by 50%. The pathogenic importance of Gli1 + cells in fibrosis was also shown in other major organs (heart, lung, and liver). These studies emphasize that MSCs are not always beneficial and can cause a detrimental effect.
Conclusions
Dysregulated angiogenesis, capillary loss, and hypoxia are intricately associated with each other in the progression of kidney disease. Despite HIF activation, which would enhance angiogenic responses such as increased VEGF expression and maintain peritubular capillaries, capillary loss and hypoxia persist and progress, resulting in ESKD. Several mechanisms, including blunted HIF activation in CKD, particularly diabetic kidney disease, downregulated VEGF expression, upregulated antiangiogenic factors, and the incompetence of EPCs can explain the dysregulated angiogenesis. Although administration of angiogenic factors, such as VEGF and Ang-1, maintains peritubular capillaries in various kidney diseases, administration of a single factor may result in abnormal vessel formation and inflammation, leading to worsening of hypoxia and tubulointerstitial fibrosis. HIF stabilization is a promising strategy to achieve the formation of mature and stable vessels by inducing coordinated angiogenesis; however, the roles of HIF in CKD remain controversial. Understanding the precise roles of HIF in kidney disease is essential to safely use this strategy in clinical settings. Although we should be cautious about the adverse effects including maldifferentiation, the adoptive transfer of EPCs or MSCs is emerging as an alternative strategy to restore the capillaries.
